1 Antimicrobial resistance (AMR) in bacteria and associated human morbidity and mortality is increasing. Use 2 of antimicrobials in livestock selects for AMR that can subsequently be transferred to humans. This flow of 3 AMR between reservoirs demands surveillance in livestock as well as in humans. As part of the EFFORT 4 project (www.effort-against-amr.eu), we have quantified and characterized the acquired resistance gene 5 pools (resistomes) of 181 pig and 178 poultry farms from nine European countries, generating more than 6 5,000 gigabases of DNA sequence, using shotgun metagenomics. We quantified acquired AMR using the 7 ResFinder database and a database constructed for this study, consisting of AMR genes identified through 8 screening environmental DNA. The pig and poultry resistomes were very different in abundance and 9 composition. There was a significant country effect on the resistomes, more so in pigs than poultry. We 10 found higher AMR loads in pigs, while poultry resistomes were more diverse. We detected several recently 11 described, critical AMR genes, including mcr-1 and optrA, the abundance of which differed both between 12 host species and countries. We found that the total acquired AMR level, was associated with the overall 13 country-specific antimicrobial usage in livestock and that countries with comparable usage patterns had 14 similar resistomes. Novel, functionally-determined AMR genes were, however, not associated with total 15 drug use. 16 17 18 Antimicrobial resistance (AMR) is considered one of the largest threats to human health. 1 In addition to the 19 use of antimicrobial agents for humans, livestock is considered an important source of AMR, potentially 20 compromising human health. 2 Besides AMR in zoonotic pathogens, AMR in commensal bacteria is 21 worrisome because of its ability to spread horizontally to pathogens. 22
Introduction
Sampling to estimate the effect of random sampling 89
To study the potential effect of sampling randomness and the reproducibility of our sampling protocol, two 90 of the pig herds were chosen for triplicate sampling. These two herds were sampled three times on the 91 same day (25 samples x 3 sampling rounds), resulting in six pooled samples (2 herds x 3 sampling rounds), 92 from which the within-farm variation was assessed. A table with all samples and their metadata is included 93
as Supplementary Table 1 . 94 7 constructed a functional resistance database (FRD) from 3,416 AMR gene variants identified in four major 151 studies, using 23 different antimicrobials for selection. 23-26 152 Briefly, in each of these studies, DNA was extracted from environmental and human fecal samples, 153 fragmented and cloned into a plasmid vector and screened for AMR functionality in E. coli cultured with 154 one of multiple antimicrobials. AMR-granting plasmid inserts were then sequenced and the responsible 155 open reading frame was identified. The protocol for the database construction can be found at 156 https://cge.cbs.dtu.dk/services/ResFinderFG/. Genes were quantified using MGmapper as was done for 157
ResFinder. Genes with more than 90% identity to ResFinder genes were removed post mapping to obtain 158 the new AMR genes without overlap with ResFinder. The resulting data was aggregated to 90% gene 159 clusters, using CD-HIT-EST, as was done for ResFinder. 22 The most frequent gene clusters remaining were 160 derived from genes selected using: trimethoprim, chloramphenicol, co-trimoxazole, cycloserine, amoxicillin, 161 gentamicin, penicillin and tetracycline. 162
Principal coordinate analysis and resistome clustering 163
For principal coordinate analysis (PCoA), the gene-cluster level FPKM matrix was Hellinger-transformed and 164 the Bray-Curtis (BC) dissimilarities between all samples were calculated using the R package vegan. 27 PCoA 165 was carried out for both pigs and poultry; combined and separately, using the vegan function 'betadisper'. 166
The same analysis was used to test whether host animal and country were significant predictors of within-167 group beta diversity dispersion. The effects of country on sample dissimilarities was determined using 168 'permutational multivariate analysis of variance using distance matrices' ('adonis2' function in vegan 169 package), separately for pig and poultry. 170
Antimicrobial use in livestock 171
Data for national livestock antimicrobial usage (AMU) was obtained from the European Medicines Agency's 172 2014 European Surveillance of Veterinary Antimicrobial Consumption (ESVAC) report and was stratified by 173 major drug family. 28 The mass of active compound sold for use in animals in 2014 was divided by the 174 Population Correction Unit (PCU) in 10 6 kg -approximating the biomass. The PCU is a unit that allows inter-175 species integration by adjusting for import/export and differences in average weight between species when 176 they are most likely to receive antimicrobial treatment. The estimate was multiplied by 1000 to obtain drug 177 mg/kg PCU livestock. The country-specific veterinary drug use can be found in Supplementary Table 5. between the samples in the PCU-corrected AMU ( Supplementary Table 5 , Supplementary Figure 1 ). The 182 AMU PCoA was tested against the previously mentioned Hellinger-transformed, resistome BC dissimilarity 183 PCoA using the 'protest' function with the default 999 permutations, again separately for pigs and poultry. 184
The gene-cluster FPKM ResFinder matrix and the genus-level FPKM taxonomy matrix were Hellinger 185 transformed and BC dissimilarities were calculated. They were ordinated using non-metric 186 multidimensional scaling (NMDS) with the 'metaMDS' vegan function (999 permutations) for pig and 187 poultry samples separately. The symmetric Procrustes correlation coefficients between the bacteriome and 188 resistome ordinations, p-values and plots were obtained using the 'protest' and 'procrustes' functions in 189 vegan. 29 190
Alpha diversity 191
For all samples, we computed the within-herd resistome diversity using Simpson diversity index (1-D), 192
Chao1 richness estimate and Pielou's evenness. 30 The raw read count matrix was rarified to 10,000 hits for 193 all samples for alpha diversity estimation, leading to the exclusion of 10 samples. The circular BC sample dendrogram was exported in Newick format using the ape package and further 201 annotated with the Interactive Tree of Life tool. 31,32 Bar-, box-and scatter plots were produced using the 202 ggplot2 R library. 33 The R library RcolorBrewer was used to generate the color palettes used. The library is 203 based on work by Cynthia A. Brewer (www.ColorBrewer.org). 204
Statistical analyses 205
All statistics was done in Microsoft R Open (MRO) 3.3.2, using the libraries and procedures detailed below. 206
Exact package versions can be found here: https://mran.revolutionanalytics.com/snapshot/2016-11-207 01/bin/windows/contrib/3.3/. For statistical tests, only the first sampling from triple-sampled herds was 208 included (see Supplementary Table 1 ). Unless otherwise mentioned, all statistical analyses were performed 209 on pigs and poultry separately. 210
Effect of AMU on total AMR 211
For testing the effect of total AMU on total metagenomic AMR abundance (sum of all genes), we used the 212 lme4 1.1-12 package to make linear mixed effects regression models with total livestock drug usage as the 213 independent variable, total AMR abundance (FPKM) as the dependent variable and country as a mixed 214 effect intercept, adjusting for the fact that AMR abundance observed in farms from the same country is 215 correlated due to factors that are not included in this study. 34 The effect of AMU was modelled on a 216 logarithmic scale, which resulted in lower Akaike's information criteria compared with modelling AMU on a 217 linear scale. Country-and sample-level residuals were plotted and inspected for normality and 218 homoscedasticity. Pig sample residuals and country residuals were normal and so were poultry country 219 residuals. Poultry sample residuals had a longer right tail. Square-root transforming the poultry AMR data, 220 gave more normal residuals and a similar conclusion (p<0.05). The effect and significance of drug usage was 221 assessed using likelihood-ratio tests, comparing the random effect models with and without the AMU 222 effect. 223
Differential abundance analysis 224
To identify differentially abundant AMR genes per country, we analyzed the read pair mapping count 225 matrix using the DESeq2 package as previously recommended for metagenomic read count data. 35, 36 This 226 was done on the raw read pair matrix, following recommendations that rarefying is not warranted in 227 metagenomic studies. 36 The read-pair count matrices for pigs and poultry were analyzed separately. The 228 number of mapped bacterial pairs was divided by the minimum number of mapped bacterial pairs and was 229 used as the size factor. For each gene, we used a two-sided Wald test to determine whether the fold 230 change between countries differed from 0 and extracted all the country-versus-country results. P-values 231 were adjusted for the false discovery rate (FDR) using the Benjamini-Hochberg approach and we used a 232 significance threshold of alpha: 0.05. 37 233
Core resistome 234
The core resistomes determined here, were the set of AMR gene clusters with mapping read pairs in at 235 least 95% of the samples. The core resistomes were determined separately for the pig and poultry 236 reservoirs. 237
238

Results
239
In total, DNA from 365 pooled samples was extracted and shotgun sequenced, resulting in more than 36 240 billion sequences (18 billion paired-end (PE) reads), comprising more than 5 terabases of DNA. This yielded 241 an average of 50 million (SD: 18*10^6) PE reads per pooled sample. This was similar for pig and poultry 242 samples, though the former varied more than the latter. 243 244 Acquired resistome characterization 245
The total AMR gene level varied significantly across samples, both depending on host animal and country of 246 origin. In general, pigs had a higher AMR level than poultry (Figure 1a Figure 3) . Class level AMR relative abundances can be found in 274 Supplementary Table 6 . 275
To characterize the individual components of the resistome, we summed relative abundance to the gene-276 cluster level as we had done at drug class level. We found evidence for 407 different gene clusters across all 277 pig and poultry samples ( Supplementary Table 2 ). 278
We calculated the BC dissimilarities between all samples' gene-level resistomes and visualized it in a 279 dendrogram (Figure 2a ). There was a perfect host separation, with all pig samples clustering separately 280 from all poultry, suggesting pig and poultry resistomes are very different. Within the pig cluster, the 281 country separation was more pronounced than for poultry. An exception was Danish poultry, where 18/20 282 samples clustered. 283
To assess the reproducibility of our protocol, from sampling through sequencing, we evaluated the 284 similarities between resistomes of two triple-sampled swine herds. Dutch triple-sampled herd pools had 285 the highest similarities of all samples, ranging from 93.6% -93.7% BC similarity. The Belgian triple-sampled 286 herd pools had values ranging from 91.5% -93.3% similarity. No replicated sample pool had higher 287 similarity to other herds than to its own replicates and the two sets of three samples can thus be seen 288 clustering as expected (Figure 2a) . A sample similarity heatmap is found in Supplementary Figure 4 We ordinated the gene-level resistomes for all samples (Figure 2b ) and pig and poultry samples separately 299 ( Figure 2cd ). As with hierarchical clustering, there was a clear separation of pig and poultry samples, along 300 the first principal coordinate, which explained 48% of the variation across all resistomes. 301
When analyzing the two reservoirs separately, we observed clustering according to country of origin in pigs 302 (Figure 2c ), while clustering was more diffuse for poultry ( Figure 2d ). We tested for the country effect and 303 found it to be significant in both pigs (adonis2 p<0.001) and poultry (adonis2 p<0.001). In poultry however, 304 the country effect only explained roughly a quarter of the variation, while country explained roughly half of 305 the variation in pigs (data not shown). In the pig resistome ordination, the Danish and Dutch samples 306 clustered closely together. The same could be seen for French and Belgian resistomes and to a lesser 307 degree, Italian and Spanish samples. Bulgaria, Germany and Poland showed larger dispersions than the 308 other countries. Poultry samples had a higher dispersion than pig samples (Figure 2e , beta-dispersion 309 p<0.001). Beta-dispersion levels varied significantly between countries in both pigs (Figure 2f , beta-310 dispersion p<0.001) and poultry (Figure 2g , beta-dispersion p<0.001). 311
We visualized the AMR gene abundances in a heatmap to look at the overall structure and composition of 312 the resistomes and the co-occurrence of AMR genes (Supplementary Figure 5) . Some AMR genes were 313 more abundant in one species, while others, including tet(W) and erm(B) were ubiquitous in all samples, for 314 both species. Among the pig samples, the Italian samples stood out: several chloramphenicol AMR genes, 315
including cat(pC194), catP, and cat_2, were much more abundant in ltaly, compared to the other countries, 316 consistent with our inspection of AMR at class level (Figure 1) . Several AMR genes known to be co-located 317 indeed co-occurred across samples. The genes in the vancomycin AMR VanA cassette were co-located in a 318 number of poultry samples. This was also true for the VanB cassette members, clustering together, but 319 separately from VanA, showing ability to distinguish variants of homologous genes. As earlier indicated, the 320 poultry samples showed less country-based clustering than pigs. An exception were the Danish poultry 321 samples. These had noticeably lower abundance of many AMR genes that were widespread in other 322
countries. 323
Core resistome 324
To determine whether specific genes were unique to each of the host animals, we examined the set of AMR 325 genes that was consistently observed within each animal species (evidence for it in 95% of samples). We 326 identified 33 core AMR genes in pigs and 49 core AMR genes in poultry, with 24 being shared between the 327 two hosts (Supplementary Figure 6) . Hence, only nine AMR genes were pig-core genes without also being cfxA. Twenty-five AMR genes were poultry-core genes without also being pig-core genes and include the
Alpha diversity and richness 362
We calculated several alpha diversity indexes for each farm resistome (Figure 4) The range of AMR diversity 363 was generally much larger for poultry samples, having both lower and higher diversity than pig samples, 364 which had a tighter spread of diversity. The poultry samples had a higher estimated richness than pigs (i.e. 365 a higher number of unique AMR genes per sample). Alpha diversity indexes can be found in Supplementary 366 Table 9 . 367
Interestingly, countries with high AMR richness in pigs also tended to have high AMR richness in poultry. 368
Spain had the highest median richness in both reservoirs, followed by Italy. Poland and Bulgaria together 369 had the third and fourth highest AMR richness in pigs and poultry. Overall, the median estimated Chao1 370 richness per country correlated significantly between the reservoirs (Spearman's rho: 0.88, p < 0.01). This 371 was neither true for evenness nor diversity (p>0.05). Rarefaction curves for pig and poultry resistomes can 372 be found in Supplementary Figure 8 
392
The correspondence between the two datasets was slightly stronger in pigs (Procrustes symmetric 393 correlation: 0.71) than in poultry (Procrustes symmetric correlation: 0.66). Interestingly, in pig samples we 394 saw a country effect on the strength of association between the bacteriome and the resistome. In Dutch 395 and Belgian pig herds, ordinations based on bacterial genera and AMR genes gave similar results ( Figure  396 5b). For samples from Bulgaria, Denmark, Italy and especially Germany however, the Procrustes residuals 397 were larger. This was less evident for poultry, though a single Danish poultry herd had a very unusual 398 resistome, considering its taxonomic composition (Figure 5d ). Stress plots for NMDS can be found in 399 Supplementary Figure 9 . 400
AMR and drug use association 402
We found that the total country-level veterinary AMU was positively associated with AMR in both pigs and 403 poultry. The AMR abundance increased by 1736-3507 (95% CI, β=2621) FPKM in pigs when the AMU 404 increased by 1 loge unit (36.8% increase in AMU) (Figure 6a ) and to a lesser degree in poultry, where the 405 AMR abundance increase by 68 -1330 FPKM (95% CI, β =700) when the AMU increase 1 loge unit (Figure  406 6b). For pigs, the variance between farms within countries was 7 times larger than the variance between 407 countries in general, whereas in poultry the variance was 4 times larger within-country than between 408 countries. 409 
416
To test if the AMU pattern was associated with AMR gene profiles, we compared the AMR abundance 417 matrix with AMU matrix, comprised of the 15 recorded AM classes ( Supplementary Table 5 ). We found an 418 association between the veterinary AMU pattern and the pig resistomes (Procrustes correlation: 0.51, 419 p<0.001) (Figure 6cd ). The poultry resistomes were also significantly associated with AMU, albeit with a 420 lower correlation, likely due to their larger beta-diversity and lower degree of country clustering 421 (Procrustes correlation: 0.38, p<0.001) (Figure 6ef ). 422 423 424
Functional AMR genes 425
In addition to using ResFinder, we also ran most analyses with the FRD database, to elucidate whether the 426 functionally determined AMR genes behave similarly to the acquired AMR genes in ResFinder. If FRD genes 427 serve similar AMR functionality as the acquired ResFinder genes, we would expect similar results. 428 country spread of total AMR, but perhaps the more heterogeneous production system and production 516 management is responsible. 517 DNA extractions from the pooled poultry samples resulted in relatively low DNA yields. The protocol used 518 was optimized for pig feces, human feces and sewage, but not poultry feces. 18 The lower yields 519 necessitated the use of a PCR-based library preparation kit, that can influence downstream analysis of 520 shotgun sequencing. 42 . While the large difference between pig and poultry resistomes in our study is likely 521 real, we caution the use of sensitive, quantitative analyses when comparing between samples prepared 522 using different library preparation kits. For this reason, we have mostly tested within each reservoir. For 523 future studies, one might consider using larger volumes of bird feces or otherwise optimize the protocol to 524 ensure PCR-free library preparation is possible for all samples. 525
The sensitivity of metagenomic approaches does not yet rival phenotypic alternatives such as selective 526 enrichment. We relied on read-mapping as opposed to a metagenomic assembly-based strategy for greater 527 sensitivity. Still, there are AMR genes in important pathogens that we know are likely present but are below 528 our detection limit. For example, we only found evidence for blaCTX-M in three pig herds, whereas in 529 phenotypic studies, the prevalence is high even among farms with no cephalosporin usage. 43 Another 530 tradeoff with the use of reference-based read mapping is our inability to identify mutated housekeeping 531 genes granting AMR or distinguish between close homologs of the same AMR gene, e.g., the non-ESBL 532 blaTEM genes from those encoding ESBL variants. 533
The primary concern with read-mapping techniques, the lack of genomic context, can be solved using 534 metagenomic assembly and binning approaches. 16, 44, 45 In this way, AMR alleles in full length, their genomic 535 context and their associated taxa have been identified in both pig, poultry and human fecal samples. 46 As 536 shown previously, the association between AMR and AMU is similar for metagenomics and traditional 537 phenotypic methods, but several aspects make metagenomics an intriguing monitoring tool. 17 The fact that 538 both types of analyses (quantitative, sensitive read mapping and qualitative, context-giving binning) use the 539 same raw data, makes metagenomics an attractive tool. In addition, the digital nature of shotgun data 540 would also allow future re-use and form the basis of an invaluable historical archive, potentially usable for 541 both AMR and pathogen tracking worldwide. While it is possible to identify thousands of AMR genes from 542 environmental samples using functional metagenomics, and then track them using shotgun sequencing, 543 their association to drug use and potential risk to human and animal health requires much further work to 544 inform effective drug policies. 545
We found that the metagenomic resistome varied significantly in livestock, with large differences between 546 the pig and poultry reservoir, but also within each livestock species, in a country-dependent manner. 547
Within each country, we found different levels of variation, with some countries having more homogenous 548 herds than others. Differences were seen both in total AMR abundance, but also abundances of AMR types 549 and specific genes, including clinically relevant AMR genes. Some of this variation, we attributed to 550 differential drug usage between the countries. We also identified the microbiome background as an 551 important factor in determining the resistome in livestock, but found the strength of the association was 552 country-dependent, at least in pigs. Interestingly, we found that AMR richness in one livestock species in a 553 country is linked to the abundance in another livestock species. Finally, we observed some indications that 554 newly described AMR genes from functionally metagenomic studies, might not provide AMR functionality 555 when expressed in their natural host, even though they have the potential at the right expression levels in 556 the right organism. 557
Data availability
558
The DNA sequences (reads) from the 363 metagenomic samples from the 359 herds are deposited in the 559 European Nucleotide Archive (ENA) under the project accession number PRJEB22062. 560 561
